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Edited by Felix WielandAbstract Eubacteria synthesize a full-length (ClpB95) and a N-
terminally truncated (ClpB80) version of the ClpB disaggregase
owing to the presence of a translation initiation site within the
clpB transcript. Why these two isoforms have been evolutionary
conserved is poorly understood. Here, we constructed a series of
E. coli strains and plasmids allowing production of the ClpB95/
ClpB80 pair, ClpB95 alone, or ClpB80 alone from near physio-
logical concentrations to a 6–10-fold excess over normal cellular
levels. We found that although overexpressed ClpB95 or ClpB80
can independently restore basal thermotolerance to DclpB cells,
strains expressing ClpB80 from the clpB chromosomal locus
do not exhibit increased resistance to thermal killing at 50 C
relative to clpB null cells. Furthermore, synthesis of physiologi-
cal levels of ClpB95 is less eﬀective than coordinated expression
of ClpB95/ClpB80 in protecting E. coli from thermal killing.
These results provide an explanation for the conservation of
the two ClpB isoforms in eubacteria and are consistent with
the fact that wild type E. coli maintains the ClpB80 to ClpB95
ratio at a nearly constant value of 0.4–0.5 under a variety of
stress conditions.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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To counteract the deleterious eﬀects of environmental stress,
cells rely on a complex network of molecular chaperones and
proteases to refold, stabilize, unfold or degrade misfolded pro-
teins [1–4]. The ClpB/Hsp104 ring-forming chaperones are
particularly important in mediating cell survival and recovery
from heat shock owing to their unique ability to solubilize
aggregates of thermolabile polypeptides and to promote pro-
tein reactivation in collaboration with the Hsp70 system [5].
Saccharomyces cerevisiae encodes two versions of ClpB on sep-
arate nuclear genes. The two proteins, Hsp104 and Hsp78,
share 44% sequence identity, diﬀer in molecular mass by about
26-kDa and localize to the cytosol and mitochondrial matrix
space, respectively [6]. The conservation of two ClpB isoforms
in yeast is well explained by the fact that Hsp104 and Hsp78
handle protein aggregation in distinct subcellular compart-
ments in cooperation with cognate Hsp70 systems [6–11].
Eubacteria also synthesize two versions of ClpB but do so by*Corresponding author. Fax: +1 206 685 3451.
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the clpB transcript [12,13]. The two bacterial ClpB proteins (re-
ferred to as ClpB95 and ClpB80 thereafter) reside in the cyto-
plasm and diﬀer in size by a 149 residues-long N-terminal
extension that form an independent folding unit called the
N-domain. The N-domain is loosely associated with the pro-
tein core, dispensable for oligomerization and, in the crystal
structure of Thermus thermophilus ClpB, exhibits remarkable
rotational ﬂexibility [14–17].
Puriﬁed ClpB95 and ClpB80 have been shown to be equally
eﬃcient at supporting the in vitro disaggregation and refolding
of model proteins when supplemented with the bacterial Hsp70
system (DnaK–DnaJ–GrpE) [16,18–21]. Furthermore, in Syn-
echococcus [22] and in E. coli [16], ClpB95 and ClpB80 can
independently restore thermotolerance to DclpB cells, raising
questions about the conservation of two apparently redundant
clpB gene products. In this report, we show that while overex-
pressed ClpB95 and ClpB80 exhibit comparable eﬃciencies in
suppressing the death of DclpB cells at 50 C, ClpB95 is vastly
superior at this task when the proteins are expressed at physi-
ological concentrations. We also show that, under conditions
of single-copy expression, coordinated synthesis of the two
ClpB isoforms is optimal for E. coli to survive severe thermal
stress.2. Materials and methods
2.1. Strains, plasmids and routine growth condition
The relevant characteristics of bacterial strains and plasmids used in
this study are listed in Table 1. Routine growth was conducted at 30 C
in Luria–Bertani (LB) medium supplemented carbenicillin (100 lg/ml),
chloramphenicol (34 lg/ml) and/or spectinomycin (100 lg/ml), as
appropriate.
2.2. Plasmid constructions
Plasmids pSR22 and pSR24 were constructed by cloning a 482 bp
SphI–HindIII fragment from pKK233-2 (Amersham Pharmacia Bio-
tech) into the same sites of pET22a and pET24a (Novagen) and chang-
ing the NcoI site to NdeI by site-directed mutagenesis. Plasmid
pMM103, a pACYC184 derivative containing the IPTG-inducible trc
promoter, a multiple cloning site and the rrnB terminator was con-
structed by isolating the 2782 bp NgoMIV fragment from pACYC184,
dephosphorylating it with shrimp alkaline-phosphatase (Boehringer–
Mannheim) and ligating it to the 635 bp NgoMIV fragment from
pSR24. A DNA fragment encoding the clpB95/clpB80 gene was ampli-
ﬁed by PCR using pClpB as a template and the primer set ClpB-NdeI
(5 0-CCGTTATGGGAGGACATATGCGT-3 0) and ClpB-XhoI (5 0-
CCGAAGGGCTCGAGTTATCATTTACTGG-3 0). A DNA frag-
ment encoding clpB80 was obtained by PCR ampliﬁcation of pClpB
with primer set ClpB79-NdeI (5 0-GCGTGGAGGTGAACATAT-
GAACGATCAAGG-3 0) and ClpB-XhoI. In the process, the nativeation of European Biochemical Societies.
Table 1
Bacterial strains and plasmids used in this study
Strain or plasmid Genotype or description Source or reference
Strains
MC4100 araD139D(argF-lac)U169 rpsL150 relA1 ﬂbB5301 deoC1 ptsF25 rbsR Lab collection
JGT3 MC4100 DclpB::kan [26]
JGT47 MC4100zjd::Tn10 (F 0 lacpro lacIq) [26]
CIT9 MC4100 PclpB::cat::clpB95
+/clpB80+ This work
CIT10 MC4100 PclpB::cat::clpB95
+ This work
CIT11 MC4100 PclpB::cat::clpB80
+ This work
CIT12 MC4100 clpB95+/clpB80+ This work
CIT13 MC4100 clpB95+ This work
CIT14 MC4100 clpB80+ This work
Plasmids
pKD46 Low copy number plasmid with temperature sensitive oriR101 replicon encoding kRed genes
under ParaBAD promoter control
[23]
pCP20 Contains temperature sensitive replicon and encodes a thermally inducible FLP recombinase [23]
pMS421 pSC101 derivative encoding lacIq (Spcr) Kelly Hughes (UW)
pClpB pACYC184 derivative encoding chromosomal clpB under native promoter control (Chlr) [26]
pSR24 pBR322 derivative encoding the trc promoter, a multiple cloning site and the rrnB terminator (Ampr) This work
pMM103 pACYC184 derivative encoding the trc promoter, a multiple cloning site and the rrnB terminator (Chlr) This work
pClpB95/80 pMM103 derivative encoding clpB95/clpB80 under trc transcriptional control (Chlr) This work
pClpB95 pMM103 derivative encoding clpB95 under trc transcriptional control (Chlr) This work
pClpB80 pMM103 derivative encoding clpB80 under trc transcriptional control (Chlr) This work
pTac22 pBR322 derivative encoding the trc promoter, a multiple cloning site and the rrnB terminator (Ampr) This work
pSR22 pTac22 derivative in which the NcoI site was exchanged to NdeI by site-directed mutagenesis (Ampr) This work
pGC1 pSR22 derivative encoding the trc promoter, a polyhistidine tag and a multiple cloning site (Ampr) This work
pH95/80 pGC1 derivative encoding a hexahistidine-tagged version of clpB95/clpB80 under trc transcriptional
control (Ampr)
This work
pH95 pGC1 derivative encoding a hexahistidine-tagged version of clpB95 under trc transcriptional
control (Ampr)
This work
pH80 pGC1 derivative encoding encoding a hexahistidine-tagged version ofclpB80 under trc transcriptional
control (Ampr)
This work
Abbreviations are: Amp, ampicillin; Chl, chloramphenicol; Spc, spectinomycin; r superscript, resistant.
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tor. Ampliﬁed products were digested with NdeI and XhoI and sub-
cloned into the same sites of pMM103 to yield plasmids pClpB95/80
and pClpB80. Site-directed mutagenesis (Stratagene Quickchange
system) with the primer set (5 0-GAGGTGAAAGCGTAAACGAT-
CAA-3 0 and 5 0-TTGATCGTTTACGCTTTCACCTC-3 0) was used
to replace the internal GTG initiator by the synonymous GTA codon
in pClpB95/80, thereby allowing production of ClpB95 alone. The
resulting plasmid was named pClpB95.
Plasmid pTac22 was constructed by ligating a 482 bp SphI–
HindIII fragment from pKK233-2 (Amersham Pharmacia Biotech)
into the same sites of pET22a (Novagen), thus exchanging the T7
promoter for a trc promoter. Plasmid pGC1 was obtained by
subcloning a138 bp NcoI–XhoI fragment from pET28a into the same
sites of pTac22, thereby introducing a sequence encoding a 5 0
hexahistidine tail followed by a thrombin cleavage site. The clpB,
clpB95 and clpB80 genes were recovered on NdeI–XhoI fragments
from pClpB95/80, pClpB95 and pClpB80 and cloned into the same
sites of pGC1 to yield plasmids pH95/80, pH95 and pH80, respec-
tively.
2.3. Strain constructions
A set of isogenic MC4100 derivatives expressing the ClpB95/
ClpB80 pair, ClpB95 alone or ClpB80 alone from the chromosomal
clpB locus was constructed by kRed-mediated recombination [23]. A
DNA cassette encoding the cat gene ﬂanked by FRT recognition
sites and clpB homology regions was ﬁrst obtained by PCR
ampliﬁcation of pKD3 (Table 1). Forward primer F1 5 0-ATAAG-
CATGCCTTGAATAATTGAGGGATGACCTCATTTAATCTCC-
GATTGTGTAGG-CTGGAGCTGCTTCG-3 0 speciﬁes a SphI
restriction site, a region homologous to the Er32-dependent pro-
moter of native clpB and a priming sequence for pKD3. Reverse
primers B1 (5 0-GACCATGGCTAATTCCCATGTAGCAACTTT-
GATCCGTTATGGGAGGACATATGCGTCTG-3 0) and B2
(5 0-TATCGACCATGGCTAATTCCCATGCAGCGATTGAACAA-
ATGCGTGGAGGTGAAACATATGAACGATC-30) specify a prim-
ing sequence for pKD3, a sequence homologous to the ribosomebinding regions of either clpB95 or clpB80 and a NdeI restriction
site. The PCR fragment obtained with primers F1 and B1 was di-
gested with SphI and NdeI and subcloned into the same sites of
pH95/80 and pH95. The PCR fragment obtained with primers F1
and B2 was digested with SphI and NdeI and subcloned into the
same sites of pH80. Linear SphI–XhoI fragments from the resulting
plasmids were introduced into MC4100 cells harboring pKD46 that
had been made electrocompetent in the presence of 0.2% arabinose
to induce production of the kRed proteins. Chloramphenicol-resis-
tant, ampicillin-sensitive recombinants were selected after overnight
incubation at 37 C on LB-agar plates supplemented with 34 lg/ml
chloramphenicol. Strains having undergone successful cross-over
recombination events were named CIT9 (PclpB::cat::clpB95/80),
CIT10 (PclpB::cat::clpB95) and CIT11 (PclpB::cat::clpB80). Chloram-
phenicol resistance markers were eliminated from these strains using
helper plasmid pCP20 (Table 1). Unmarked strains, producing
ClpB95/ClpB80, ClpB95 alone or ClpB80 alone were named
CIT12, CIT13 and CIT14, respectively.
2.4. Cell viability
For the experiments of Fig. 2, JGT3 cells harboring pMS421 and
either pMM103, pClpB95/80, pClpB95 or pClpB80 were grown at
30 C in LB medium supplemented with chloramphenicol and specti-
nomycin to OD600  0.2, treated (Fig. 2B) or not (Fig. 2A) with
1 mM IPTG and incubated at the same temperature to OD600  0.4.
Cultures were transferred to 50 C and aliquots collected before and
after 15, 30 or 60 min incubation were diluted in LB medium and
spread on LB plates supplemented with spectinomycin and chloram-
phenicol. The number of colony forming units (CFUs) was determined
after overnight incubation at 30 C. A positive control was conducted
with MC4100 (pMS421 + pMM103) co-transformants. The experi-
ments of Fig. 5 were performed as above except that the indicated cul-
tures were grown and plated under spectinomycin selective pressure
only. Note that the fraction of DclpB survivors is higher than in the
experiments of Fig. 2, presumably due to a lower level of stress associ-
ated with the absence of plasmids and the use of a single selective
pressure.
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JGT3 cells harboring pMS421 and either pMM103, pClpB95/80,
pClpB95 or pClpB80 (Fig. 3) or cultures of JGT3, CIT12, CIT13 or
CIT14 (Fig. 5B) were grown at 30 C in LB supplemented with chlor-
amphenicol and spectinomycin or spectinomycin alone to OD600  0.4.
Cultures were transferred to 48 C for 30 min to induce host protein
misfolding and allowed to recover for 2 h at 30 C. Samples were col-
lected at the end of the high temperature incubation period and the
OD600 was recorded. Diﬀerences in ﬁnal OD600 between pClpB trans-
formants and between cultures of the CIT series were at most 15%.
Cells were lysed by French pressing at 10000 psi and insoluble frac-
tions were recovered by centrifugation at 8000 · g for 10 min. Aliquots
corresponding to identical amount of cells (based on OD600 measure-
ments) were fractionated by SDS–PAGE. Positive controls were ob-
tained with MC4100 harboring pMS421 and pMM103 (Fig. 3) or
with MC4100 (Fig. 5B).Fig. 1. Quantiﬁcation of ClpB isoforms in stressed wild type cells. (A)
JGT47 cells were grown at 30 C to mid-exponential phase and either2.6. Quantitative immunoblotting
JGT47 cells were grown in 125-ml shake ﬂasks containing 25 ml of
LB medium at 30 C to mid-exponential phase (OD600  0.4). Cultures
were maintained at the same temperature or shifted to water baths held
at 37 or 45 C for 1 h. An additional culture was supplemented with
4% (v/v) ethanol upon transfer to 37 C to mimic the eﬀect of severe
heat shock. Samples were collected immediately before temperature
shift and 10, 30 and 60 min thereafter. Aliquots corresponding to iden-
tical amount of cells were prepared and twice as much material was
loaded on 10% SDS–PAGE mini-gels for samples held at 30 C or
shifted to 37 C in order to remain in a comparable dynamic range. Di-
lute stock solutions of puriﬁed ClpB95 and ClpB80 were prepared and
exact protein concentrations were determined using the QuantiPro
BCA assay kit (Sigma) and BSA as a standard. Mixtures of ClpB95
and ClpB80 were loaded at four diﬀerent concentrations along with
each set of experimental samples. Proteins were transferred to PVDF
membranes which were probed with rabbit polyclonal anti-clpB anti-
bodies at a 1:50000 dilution followed by incubation with alkaline-
phosphatase-conjugated goat anti-rabbit IgG (BioRad) at a 1:3000
dilution. Immunoreactive products were visualized by BCIP/NBT
treatment. The intensity of the ClpB95 and ClpB80 bands was quanti-
ﬁed using the NIH image 1.60 software. Protein concentration in the
experimental samples was determined using a calibration curve con-
structed with the puriﬁed standards to guarantee linearity and account
for diﬀerences in isoform recognition by the antiserum. All experi-
ments were carried out on triplicate independent cultures.held at this temperature, rapidly shifted to 37 C with or without
addition of 4% (v/v) ethanol, or transferred to 45 C. The intracellular
concentration of ClpB95 (ﬁlled bars) and ClpB80 (open bars) was
determined by quantitative immunoblotting after 1 h and results were
normalized to pre-induction levels. Inset: typical immunoblot of
samples corresponding to identical amounts of culture. The upper
band corresponds to ClpB95 and the lower band to ClpB80. Lanes: M,
markers; 1, 30 C incubation; 2, 30–37 C temperature upshift; 3, 30–
37 C temperature upshift with ethanol addition; 4, 30–45 C temper-
ature upshift. (B) The ratio of ClpB80 to ClpB95 was determined at the
indicated time points following temperature upshift from 30 to 37 C
in the absence (d) or presence (s) of ethanol and upon heat shock to
45 C (h). Inset: representative immunoblot used for ClpB quantiﬁ-
cation. Lanes: 1–4, mixture of puriﬁed ClpB95 and ClpB80 at various
concentrations; M, markers; 5, 30 C incubation (double load); 6, 30–
37 C temperature upshift (double load); 7, 30–37 C temperature
upshift with ethanol addition; 8, 30–45 C temperature upshift. Error
bars were obtained for three independent experiments.3. Results
3.1. Synthesis of ClpB isoforms in stressed cells
Because little information is available on how thermal stress
aﬀects the distribution of the two ClpB isoforms in vivo, we
ﬁrst used quantitative immunoblotting to measure the levels
of chromosomally encoded ClpB95 and ClpB80 in wild type
cells. All experiments were performed in triplicate using sam-
ples from independent cultures and with co-loading of increas-
ing concentrations of puriﬁed ClpB95 and ClpB80 to account
for variations in protein transfer and isoform recognition by
ClpB antiserum. Fig. 1A shows that heat shock from 30 to
37 C for 1 h led to an about 2-fold increase in the intracellular
concentration of both ClpB95 and ClpB80. The same result
was obtained when the cultures were shifted from 37 to
42 C for 1 h (data not shown), and is in good agreement with
previous promoter fusion [24] and immunoblotting [25] stud-
ies. Upon more severe heat shock (transfer from 30 to 45 C
for 1 h), the steady-state levels of ClpB95 increased 6-fold
while those of ClpB80 rose by more than 8-fold relative to
pre-stress concentrations. This pattern could be duplicated
when cultures were concomitantly subjected to mild heat shock
and addition of ethanol, a powerful elicitor of the unfolded
protein response (Fig. 1A).To gain insights on the dynamics of induction, the experi-
ment was repeated at diﬀerent times following imposition of
stress and the ratio of ClpB80 to ClpB95 was calculated. Un-
der non-stress conditions, cells contained two ClpB80 for every
ﬁve ClpB95 molecules (Fig. 1B). Mild heat shock (from 30 to
37 C) led to a transient increase in the ClpB80 to ClpB95 ratio
but the 2:5 value was restored within 30 min (Fig. 1B, d). Un-
der more severe stress conditions, the ClpB80:ClpB95 ratio
was approximately 1:2 and remained constant for the duration
of the experiment (Fig. 1B, s and h). In summary, conditions
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trigger high-level synthesis of the clpB gene products and
ClpB95 is 2–2.5-fold more abundant than ClpB80 under both
mild and more severe thermal stress.
3.2. Overexpressed ClpB95 and ClpB80 independently suppress
the sensitivity of DclpB cells to thermal killing
In order to compare ClpB95 and ClpB80 in vivo, we con-
structed a series of plasmids encoding the authentic clpB
gene (for coordinated production of both ClpB95 and
ClpB80), clpB95 alone, or clpB80 alone under transcriptional
control of the IPTG inducible trc promoter (Table 1). The
fact that clpB null mutants die faster than the wild type fol-
lowing transient exposure to 50 C [13,26], provided us with
a convenient phenotype to assess the contribution of each
clpB translation product in conferring basal thermotoler-
ance. For these experiments, wild type and isogenic DclpB
cells were co-transformed with the ClpB expression plasmids
and the lacIq-encoding plasmid pMS421. Cultures were
grown to mid-exponential phase at 30 C with or without
IPTG induction, transferred to 50 C for increasing periods
of time, and the number of survivors was determined by
plating at 30 C (Fig. 2A and B).
Despite the presence of pMS421, we observed leaky synthe-
sis from all constructs (Fig. 2C and D, upper panels). In
pClpB95 transformants held for 1 h at 50 C, full-length ClpB
was present at concentrations 3-fold or 4.5-fold higher than
chromosomal levels in non-induced and induced cultures,
respectively (Fig. 2D). ClpB80 accumulated at concentrations
5.5-fold and 10-fold higher than chromosomal values in non-
induced and induced pClpB80 transformants, respectively
(Fig. 2D). In agreement with the fact that ClpB80 is about half
as abundant as ClpB95 (Fig. 1), clpB null cells harboring
pClpB95 or pClpB80 contained comparable amounts of each
protein following 1 h incubation at 50 C (Fig. 2C and D,
upper panels), allowing meaningful comparison of the ability
of each isoform to complement the DclpB allele.Fig. 2. Overproduced ClpB95 and ClpB80 independently restore basal therm
either pMM103 (inset; h) or the indicated plasmids were grown at 30 C to m
The number of colony forming units was determined by plating at 30 C. A
pMS421 and pMM103 (j). Error bars were obtained for three independent ex
were supplemented with 1 mM IPTG at OD600  0.2 to induce high level
pMS421 and the indicated plasmids were grown at 30 C to mid-exponential
Samples corresponding to identical amount of cells were immunoblotted with
were harvested after 1 h incubation at 50 C.In DclpB mutants producing the ClpB95/ClpB80 pair,
ClpB95 alone or ClpB80 alone, 30–70% of the cells survived
a 1 h thermal challenge at 50 C (Fig. 2A and B). By compar-
ison, the viability of uncomplemented DclpB cell was ﬁve or-
ders of magnitude lower (Fig. 2A, inset, h). Increased
resistance to thermal killing in pClpB transformants was not
related to indirect upregulation of the protective DnaK–
DnaJ–GrpE system as overexpression of ClpB proteins did
not aﬀect DnaK levels at either 30 or 50 C (Fig. 2C and D,
lower panels). Coordinated production of ClpB95/ClpB80 or
that of Clp95 alone (Fig. 2A and B, r and m, respectively)
was most eﬀective in conferring basal thermotolerance to the
DclpB strain, leading to survival rates 20–30% higher than
the clpB+ control (j). A further (10%) enhancement in via-
bility was observed when cultures were treated with IPTG to
accumulate ClpB95/80 or ClpB95 prior to 50 C challenge
(Fig. 2B). On the other hand, the survival rate of DclpB cells
harboring the ClpB80 expression plasmid was similar to that
of the wild type whether or not the cultures were induced with
IPTG (Fig. 2A and B).
To conﬁrm that ClpB95 and ClpB80 were functional in
aggregate solubilization, mid-exponential phase cultures of
DclpB cells harboring pMS421 and the various clpB expres-
sion plasmids were transferred to 48 C for 30 min (a suble-
thal temperature that causes substantial aggregation) and
allowed to recover at 30 C for 2 h. Fig. 3 shows that ClpB95
and ClpB80 alone or in combination were equally proﬁcient
at disaggregating thermolabile proteins. Thus, when produced
at levels 6–10 fold higher than their normal chromosomal
concentration, ClpB95 and ClpB80 appear to be functionally
interchangeable.
3.3. Construction of isogenic strains for single-copy expression
of ClpB isoforms
To study the function of the two ClpB isoforms under phys-
iological conditions of concentration, we next generated a set
of strains bearing chromosomal copies of clpB95/clpB80,otolerance to clpB null cells. (A) DclpB cells harboring pMS421 and
id-exponential phase and transferred to 50 C for the indicated times.
wild type (WT) control was performed with MC4100 cells containing
periments. (B) The experiment of (A) was repeated except that cultures
production of ClpB proteins. (C) Wild type or DclpB cells harboring
phase with (+) or without () addition of 1 mM IPTG at OD600  0.2.
anti-ClpB or anti-DnaK antibodies. (D) As in (C) except that samples
Fig. 4. Construction and characterization of clpB expression strains.
The strategies used for the construction of CIT12 (clpB95+/clpB80+)
and CIT13 (clpB95+) are in shown in (A). The approach used for the
construction of CIT14 (clpB80+) is illustrated in (B). The ribosomes
binding sites giving rise to ClpB95 and ClpB80 are designated RBS1
and RBS2, respectively. The star and ﬁlled triangle show the location of
codon 149 that was mutated to GTA for the construction of CIT13 and
to ATG for the construction of CIT14, respectively. FRT scars are
indicated hatched boxes and pKD3 priming sequences by dotted boxes.
See text for details. (C) The concentrations of ClpB95 and ClpB80 were
measured by immunoblotting using samples from cultures held at 30 C
or subjected to a 1 h heat shock at 42, 45, 48 or 50 C. Bars compare the
levels of each ClpB isoform in the engineered strains to those present in
identically treated isogenic wild type cells. Data presented are the
average of two independent experiments with typical deviations of 5–
10%. The concentrations of ClpB80 could not be reliably determined at
30 C due to its low abundance.
Fig. 3. Overproduced ClpB95 and ClpB80 independently support
aggregate solubilization following stress abatement. Mid-exponential
phase cultures of wild type or DclpB cells harboring pMS421 and the
indicated plasmids were transferred to 48 C for 30 min and returned
to 30 C for 2 h. Insoluble samples collected immediately after the high
temperature incubation step (0 h lanes) or at the end of the recovery
period (2 h lanes) were fractionated by SDS–PAGE. Black arrows
show the position of solubilized host proteins. The star shows the
position of ClpB95. b/b 0, F and A identify the b and b 0 subunits of
RNA polymerase, OmpF and OmpA, respectively.
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control of the native Er32-dependent promoter. Brieﬂy, a
chloramphenicol resistance cassette ﬂanked by FRT sites,
priming and homology regions was cloned between the pro-
moter and ribosomal binding site of either clpB95/clpB80,
clpB95 or clpB80 in plasmids pH95/80 and pH80 (Fig. 4A
and B; Table 1). Following kRed-assisted recombination of
SphI–XhoI fragments into the MC4100 chromosome, the selec-
tion marker was excised using plasmid pCP20 (Table 1).
Because the resulting strains contain an 110 nt scar down-
stream of the native clpB promoter, we used immunoblotting
to compare ClpB synthesis in engineered and wild type cells
subjected to heat shock. Fig. 4C shows that the concentration
of ClpB95 in clpB95+/clpB80+ and clpB95+ cells was about half
that present in the wild type 1 h after transfer to 42 or 45 C.
This decrease in production is presumably due to the scar inter-
fering with transcription. However, ClpB95 accumulated at 70–
90% of wild type levels following heat shock to 48 or 50 C in
both strains (Fig. 4C). A similar trend was observed for ClpB80
expression from clpB95+/clpB80+ cells (Fig. 4C, white bars). In
this case, the ClpB80 concentration was70% that of wild type
cells upon heat shock to 42 or 45 C and nearly equal to wild
type levels upon culture transfer to 48 or 50 C. The reduced
levels of ClpB isoforms had no detectable eﬀect on the viability
of the mutants at 45 C as judged by spot testing (data not
shown). On the other hand, clpB80+ cells synthesized ClpB80
at concentrations similar to the wild type under all conditions
examined (Fig. 4C, hatched bars). This result suggests that
the 5 0 mRNA region upstream of the internal translational start
site inﬂuences ClpB80 translation, perhaps through tempera-
ture-dependent control of ribosome binding site accessibility.Such a regulatory mechanism could be important for optimal
resistance to heat and would be consistent with the fact that
wild type cells experience a small increase in the ClpB80 to
ClpB95 ratio as stress severity increases (Fig. 1B). While addi-
tional work will be required to clarify this issue, the data of
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set of clpB expression strains approximate wild type behavior,
particularly in severely stressed cells.
3.4. Both ClpB isoforms are required for optimal resistance to
thermal killing
Experiments similar to those of Fig. 2 were next conducted
to dissect the contribution of chromosomal levels of ClpB95
and ClpB80 in basal thermotolerance. As expected, the intra-
cellular concentrations of ClpB95 and/or ClpB80 in mutant
and wild type cells were comparable after 1 h incubation at
50 C (Fig. 5A, inset), as were the survival rates of clpB95+/
clp80+ and control cells (Fig. 5A, r and n, respectively).
However, survival of the clpB95+ strain was reduced by an or-Fig. 5. Physiological concentrations of ClpB80 do not protect E. coli
from thermal killing although the protein is functional in aggregate
solubilization at 30 C. (A) Cells were grown at 30 C to mid-
exponential phase, transferred to 50 C for the indicated times and the
number of colony forming units was determined by plating at 30 C.
Controls were performed with wild type (WT) and DclpB cells. Error
bars were obtained for three independent experiments. Inset: typical
immunoblot of samples corresponding to identical amount of culture.
(B) Disaggregation experiments were performed as in the legend of
Fig. 3. Black arrows show the position of solubilized host proteins. b/
b 0, F, A and A/B identify the b and b 0 subunits of RNA polymerase,
OmpF, OmpA and IbpA/B, respectively.der of magnitude relative to the wild type and the viability of
cells expressing ClpB80 alone at chromosomal levels was not
signiﬁcantly diﬀerent from that of DclpB cells (Fig. 5A). Over-
production of the isolated N-domain in trans did not change
the phenotype of clpB80+ cells (data not shown).
The ability of the various strains to support protein solubi-
lization at 30 C following transient heat shock at 48 C was
also compared. There were no obvious diﬀerences in disaggre-
gation between wild type, clpB95+/clpB80+ and clpB95+ cells
(Fig. 5B). While much less eﬀective at aggregate solubilization,
the clpB80+ strain retained residual ability to solubilize ther-
molabile proteins relative to DclpB cells (Fig. 5B, arrows).
From videodensitometric analysis of the IbpA/B small heat
shock proteins band (A/B), a marker of aggregated fractions
[27], we estimate that disaggregation eﬃciency in the clpB80+
strain is approximately half that of either clpB95+/clpB80+ or
clpB95+ cells. This is consistent with the fact that ClpB80 is
about 50% less abundant than ClpB95 in both wild type and
engineered cells (Figs. 3B and 4C). We conclude that although
ClpB80 produced from the clpB80+ strain is functional follow-
ing stress abatement, physiological levels of ClpB80 are insuf-
ﬁcient to protect cells from thermal killing at 50 C.4. Discussion
Although the fact that the clpB transcript gives rise to two
translation products was recognized over 15 years ago [13],
the reasons for which eubacteria have conserved two diﬀerently
sized ClpB isoforms remain obscure. In vitro, the truncated
form of E. coli ClpB as well as an artiﬁcially shortened version
of T. thermophilus ClpB are equally eﬃcient at reactivating
aggregated ﬁreﬂy luciferase, malate dehydrogenase and lactate
dehydrogenase in the presence of the DnaK–DnaJ–GrpE sys-
tem [16,18]. In vivo, plasmid-encoded ClpB95 and ClpB80
independently restore resistance thermal killing to E. coli cells
bearing a clpB null mutation when produced at levels that are
at least 3–5 times higher than the normal cellular concentration
(Fig. 2; cf. [16]). Collectively, these results support the proposal
that both ClpB95 and ClpB80 contribute to thermotolerance
[22] and further suggest that the two ClpB isoforms are func-
tionally redundant in vivo, at least under conditions where they
are overproduced.
There is however mounting evidence that the N-domain en-
hances chaperone function by contributing to substrate bind-
ing and coordination of ATP hydrolysis [28–31]. Indeed, we
reproducibly found that ClpB95 was slightly more eﬃcient at
restoring basal thermotolerance to DclpB cells relative to
ClpB80 when the two proteins were overproduced at similar
concentrations (Fig. 2). Paradoxically, E. coli maintains the
cellular ratio of ClpB80 to ClpB95 at 40–50% irrespective of
stress severity rather than preferentially synthesizing the pre-
sumably more eﬃcient full-length ClpB (Fig. 1).
To better understand this issue, we constructed a series of
strains expressing the ClpB95/ClpB80 pair, ClpB95 alone or
ClpB80 alone from the clpB locus at concentrations approxi-
mately equal to those present in wild type cells (Fig. 4). Com-
parison of the ability of the engineered clpB expression strains
to survive thermal killing at 50 C showed that the protective
function of ClpB80 (and to a lesser extent that of ClpB95) is
highly sensitive to synthesis levels (Fig. 5A). In fact, the viabil-
ity of clpB80+ cells at 50 C was comparable to that of DclpB
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solubilization upon stress abatement (Fig. 5B). We conclude
that the ability of overproduced ClpB80 to substitute for
ClpB95 at 50 C is directly related to its intracellular concen-
tration, presumably because the decreased eﬃciency associated
with the lack of an N-domain is compensated by an increase in
the number of substrate binding sites [28].
Remarkably, coordinated expression of the ClpB95/ClpB80
combination at near physiological levels was more eﬀective
than production of ClpB95 alone in conferring resistance to
thermal killing, providing a rationale for the conservation of
the two ClpB isoforms in eubacteria. Because chromosomal
levels of ClpB80 alone do not improve the viability of clpB null
cells at 50 C, it is unlikely that this eﬀect is related to a simple
increase in the total concentration of ClpB isoforms. Based on
the observations that ClpB80 and ClpB95 can form mixed par-
ticles in vitro [32] and that ClpB80 oligomerizes at lower pro-
tein concentration than ClpB95 [14], we favor a scenario in
which ClpB80 accelerates the assembly of functional
ClpB95–Clp80 hetero-oligomers, allowing cells to more eﬃ-
ciently manage intense thermal stress.
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